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Chapter 1   Introduction 
The extensive study on transition-metal complexes having M−C multiple bonds, i.e. carbene and carbyne 
complexes, has made a great contribution to developing new catalysts, which are used for various chemical 
transformation reactions in organometallic chemistry as well as organic synthesis. Especially, olefin metathesis reactions 
catalyzed by carbene complexes are widely applied to the synthesis of natural products as well as pharmaceutical 
products.  In contrast, the heavier Group 14 analogues of carbene and carbyne complexes having M−E multiple bonds 
(M = transition metal, E = Si, Ge, Sn, and Pb) are much less studied but are possible candidates for new catalysts. 
Recently, our group synthesized a tungsten germylene complex Cp*(CO)2(H)W=Ge(H)Tsi [Tsi = C(SiMe3)3] (A) and 
demonstrated that A showed high reactivity towards various unsaturated organic compounds.  The reaction with 
isocyanates was particularly interesting, which was found to convert A into germylyne complex Cp*(CO)2W≡GeTsi 
(B).  In this research, I synthesized base-free germylene complexes of iron 1 and molybdenum 2 and investigated their 
reactivity towards unsaturated organic compounds (Chart 1). I also synthesized molybdenum germylyne complex 3 and 
found catalytic hydrosilylation reactions catalyzed by 3. 
 
Chapter 2 Synthesis of a Hydrido(hydrogermylene)iron Complex and Its Reactivity Towards Unsaturated 
Organic Compounds  
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 Iron germylene complex Cp*(CO)(H)Fe=Ge(H)Tsi (1) was successfully synthesized by the reaction of 
Cp*(CO)Fe(py)Me (py = pyridine) with H3GeTsi, followed by abstraction of pyridine from initially formed germyl 
complex 4 using BPh3 (Scheme 1).  Analogously, the deuterated complex Cp*(CO)(D)Fe=Ge(D)Tsi (1-d2) was 
obtained in 56% yield by use of D3GeTsi instead of H3GeTsi.  Complex 1 is the first base-free iron germylene 
complex.  The structure of 1 was confirmed by X-ray crystal structure analysis, which revealed that 1 has a 
three-coordinate Ge center and has the shortest Fe−Ge bond length ever reported.  Reactions of 1 with nitriles, i.e. 
acetonitrile and mesitylcarbonitrile, resulted in the formation of simple coordination products 
Cp*(CO)(RCN)FeGeH2Tsi (5a: R = Me, 5b: R = Mes; Mes = Mesityl) at room temperature (Eq. 1).  On the other 
hand, complex 1 underwent hydrogermylation of aldehydes and ketones at room temperature to afford 
hydrido(alkoxygermylene) complexes  Cp*(CO)(H)Fe=Ge(OCHR1R2)Tsi (6a: R1 = R2 =Me, 6b: R1 = Ph, R2 = Me, 6c: 
R1 = H, R2 = Mes, 6d: R1 = H, R2 = Ph) almost quantitatively (Scheme 2).  The reaction of 1 with imine (PhHC=NMe) 
at 40 °C also produced a hydrogermylation product Cp*(CO)Fe[κ2(N,Ge)-Ge(H){PhCH2N(Me)}Tsi (7), which has a 
three-membered ring structure.  Reactions of 1 with isocyanates (PhNCO, MesNCO) and methanediimines 
(CyN=C=NCy, iPrN=C=NiPr; Cy = cyclohexyl) gave the hydrogermylation products 
Cp*(CO)Fe[κ2(N,Ge)-Ge(H)(EC(H)=NR)Tsi] (8a: R = Ph, E=O; 8b: R = Mes, E = O; 8c: R = Cy, E = NCy; 8d: R = iPr, 
E = NiPr) having five-membered ring structures (Scheme 3).  In contrast, C=S bond cleavage occurred in the reactions 
of 1 with isothiocyanates, i.e. MesNCS and PhNCS, at room temperature to give germylsulfanido complexes 
Cp*(CO)(RNC)FeSGeH2Tsi} (9a: R = Mes, 9b: R = Ph) (Scheme 3).  Complex 1 also reacted with benzoic acid to 
give a five-membered-ring complex Cp*(CO)Fe[κ2(O,Ge)-Ge(H){OC(Ph)O}Tsi (10) with evolution of H2 (Scheme 4).  
The structure of 10 was confirmed by X-ray crystallography.  The reaction of 1 with MeIMe 
(1,3,4,5-tetramethylimidazol-2-ylidene) at room temperature gave base-coordinated germylene complex 
Cp*(CO)(H)Fe=Ge(H)(Tsi)⋅MeIMe (11) in 61% isolated yield (Scheme 4).   
 
Chapter 3 Synthesis, Structure, and Reactions of a Hydrido(germylene)molybdenum Complex, and Its 
Conversion into a Germylyne Complex  
   In this chapter, molybdenum germylene complexes Cp*(CO)2(H)Mo=Ge(H)Tsi (2)  and 
Cp*(CO)2(H)Mo=Ge(Me)Tsi (2-Me) were synthesized by the reactions of Cp*(CO)2Mo(py)Me with H3GeTsi and 
H2Ge(Me)Tsi, respectively, in toluene at room temperature (Eq. 2).  Complex 2 was isolated as a red orange 
crystalline solid in 58%, whereas 2-Me was obtained in ~37% yield only with 80% purity (by 1H NMR).  Complex 
2 reacted with phenylisocyanate at room temperature to give a hydrogermylation product 
Cp*(CO)2Mo[κ2(N,Ge)-Ge(H)(OCH=NPh)Tsi] (12) in 74% yield.  The X-ray crystal structure analysis of 12 
unambiguously revealed its five-membered-ring structure.  Upon heating at 100 °C, 12 was converted into germylyne 
complex Cp*(CO)2Mo≡GeTsi (3) almost quantitatively with elimination of PhNHCHO (Scheme 5).  Alternatively, a 
mixture of 2 and mesitylisocyanate was heated at 80 °C to give the same product 3 directly in 95% NMR yield.  The 
reactions of 2 with ketones (MeCOMe, PhCOMe) and aldehydes [MesCHO, PhCHO, 4-(MeOC6H4)CHO] afforded  
hydrogermylation products Cp*(CO)2(H)Mo=Ge(OCHMeR)Tsi [13a: R = Me, 13b: R = Ph] and 
Cp*(CO)2(H)Mo=Ge(OCH2R)Tsi (14a: R = Mes, 14b: R = Ph, 14c: R = 4-MeOC6H4), respectively (Scheme 6).  The 
molecular structures of complexes 13b and 14a were confirmed by X-ray crystal structure analysis. Furthermore, 2 
reacted with various nitriles to give hydrogermylation products with a three-membered-ring structure together with 
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germylyne complex 3.  For example, the reaction of 2 with acetonitrile at 60 °C gave a mixture of hydrogermylation 
product Cp*(CO)2Mo[κ2(N,Ge)-Ge(H)(N=CHMe)Tsi] (15a) and germylyne complex 3 in 1:1 ratio (Eq. 3).  From the 
mixture, 15a was isolated in 5% yield and characterized by spectroscopic analysis.  Similarly, hydrogermylation 
products Cp*(CO)2Mo[κ2(N,Ge)-Ge(H)(N=CHR)Tsi] [15b : R = Ph, 15c: R = 4-F3CC6H4, 15d: R = 3,5-(F3C)2C6H3] 
were isolated in 55-67% yields by the reactions of 2 with benzonitrile, 4−(trifluoromethyl)benzonitrile, and 
3,5-bis(trifluoromethyl)benzonitrile at room temperature to 50 °C (Eq. 3). Importantly, I found that photoirradiation 
of 15b with a blue LED light (440-450 nm) resulted in a clean conversion of 15b to 3 with elimination of imine at room 
temperature.  The imine was trapped by BPh3 as an imine borane adduct PhHC=NH·BPh3 (16) in 72% yield, while 3 
was isolated in 85% yield (Scheme 7).  Also, the same conversion was observed by use of white LED.  This is the 
first report of the synthesis of germylyne complex using a blue or white LED.  On the basis of the DFT calculations, a 
possible mechanism for this photochemical conversion was proposed.  
Chapter 4 Catalytic Hydrosilylation of Aldehydes and Ketones by a Molybdenum Germylyne Complex   
In this chapter, the hydrosilylation reaction of aldehydes and ketones catalyzed by the germylyne complex 3 was 
described (Eq. 4).   The catalytic hydrosilylation of aldehydes with HSiEt3 gives corresponding silyl ethers in good 
isolated yields (70-83%).  Similarly, 3 underwent catalytic hydrosilylation of ketones to give corresponding silyl ethers 
in 85 to 90% NMR yields.  This is the first example of hydrosilylation catalyzed by germylyne complex.  A possible 
mechanism for this catalytic cycle was also proposed.  The discovery of catalytic activity of 3 can be a clue for 
developing new types of catalytic reactions. 
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論文審査の結果の要旨 
 
遷移金属―ゲルマニウム間に二重結合や三重結合を有する錯体は，有機合成分野において
優れた反応試薬や触媒となるカルベン錯体やカルビン錯体の 14 族高周期類縁体であり，その
性質や反応性の解明は，新しい触媒開発に繋がると期待されている。しかし，その合成例お
よび反応性に関する研究は極めて少ない。本論文は，金属およびゲルマニウム上に水素を有
する鉄およびモリブデンのゲルミレン錯体（二重結合錯体）およびモリブデンのゲルミリン
錯体(三重結合錯体)の合成と様々な不飽和有機分子との反応，触媒反応の開発について著者
が行なった研究を述べたものである。本研究の主な成果を以下に要約する。 
（１） 鉄を中心金属とするゲルミレン錯体の合成と単離に成功した。これは塩基の安定化
の無い鉄のゲルミレン錯体として初めての例である。この錯体と多様な不飽和有機分子との
反応を研究し，この錯体がケトン，アルデヒド，イミン，ヘテロクムレン等を温和な条件で
ヒドロゲルミル化すること，また，イソチオシアナートとの反応では，その C=S 結合を室温
で容易に切断することを見出した。 
（２） モリブデンを中心金属とするヒドロゲルミレン錯体の合成を行い，この錯体もカル
ボニル化合物やニトリルをヒドロゲルミル化することを明らかにした。重要なことに，ニト
リルのヒドロゲルミル化により生成した三員環骨格を有する錯体は，白色あるいは青色 LED
による光照射により，ゲルミリン錯体へほぼ定量的に変換されることを見出した。この反応
により，ニトリルはイミンに還元され，このイミンはボラン付加体として単離された。この
ようなニトリルを用いたゲルミレン錯体からゲルミリン錯体への変換反応はこれまでに例の
無い新規変換反応である。 
（３） モリブデンゲルミリン錯体は，ケトンやアルデヒドのヒドロシリル化反応の触媒に
なることを見出した。この反応は，ゲルミリン錯体が触媒として働いた最初の例であり，金
属―高周期 14 族元素多重結合錯体の化学において重要な成果である。今後のさらなる研究に
より，斬新な触媒反応開発への発展が期待される。  
 本論文の研究結果は，有機金属化学並びに高周期元素化学の分野に重要な貢献をするもの
であり,著者が自立して研究活動を行うに必要な高度の研究能力と学識を有することを示して
いる。したがって，Tara Prasad Dhungana 提出の博士論文は，博士（理学）の学位論文とし
て合格と認める。  
 
 
